A method has been developed for growing Physarum polycephalum plasmodia that are 8 to 10 times larger than those obtained in the petri dish cultures used by Nygaard, Guttes, and Rusch. In the large-scale procedure, plasmodia were grown in metal trays on a membrane supported by filter paper on stainless-steel screen. Plasmodia were started from a ring of inoculum to allow inward and outward migration and were incubated on a rocker so that nutrient medium would flow back and forth, wetting the undersurface of the plasmodium. Rocker and petri dish cultures had similar growth characteristics: (i) the interphase time between mitoses I and II and between II and III was about 8 hr; (ii) ribonucleic acid and protein increased essentially logarithmically throughout the cell cycle; and (iii) deoxyribonucleic acid increased only during early interphase and it doubled in approximately 3 hr after each mitosis. Rocker cultures were not as nearly synchronous as petri dish cultures and had a range in metaphase time (at mitosis III) within individual plasmodia of 15 to 45 min, as compared with 5 to 10 min in petri dish cultures.
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Synchronous plasmodial cultures of Physarum polycephalum can be grown quite simply in petri dishes on filter paper, supported on the surface of nutrient medium by glass beads (4) (5) (6) 11) . However, such cultures, even when they have reached their maximal size, contain only about 300 ,ug of deoxyribonucleic acid (DNA). For studies of nuclear histones, 10 plasmodia were needed for a single histone preparation, and 40 to 60 were needed for an experiment. Since individual plasmodia, although synchronous within themselves, went through mitosis at different times, it was necessary not only to examine smears (5, 6 ) of all cultures to establish metaphase times but also to chill plasmodia with earlier mitoses to stop their development until enough cultures for a histone preparation had been accumulated. The time thus required for handling cultures virtually precluded certain experiments with metabolic inhibitors (3) and radioisotopes. It also was questionable whether these pools of plasmodia, made up of cultures which had gone through mitosis at different times and which were harvested at a fixed time after individual mitoses, could be considered synchronous.
In an effort to avoid these problems, we began work on a system for growing plasmodia that were 10 times larger than those obtained with petri dishes. Preliminary experiments showed that plasmodia of the desired size could not be obtained simply by expansion of the petri dish system, i.e., by using a larger dish and more inoculum, since plasmodia so prepared were very thick, slow growing, and poorly synchronized. However, a plasmodium with good appearance and synchrony could be grown when (i) the inoculum was applied in an open ring so that the plasmodium could migrate toward both the center and the periphery, and (ii) the culture vessel was incubated on a rocker so that the medium was continually agitated.
MATERIALS AND METHODS
Maintenance of cultures. Stock submerged cultures of Physarum strain M3c (4) were grown at 22 C in 20-ml shaken cultures in semidefined medium with hemin and citrate. Transfers (0.8 ml) were made at 3-day intervals. The methods of plasmodial culture from Bellco Glass Inc., Vineland, N.J.) with a rack for five culture trays or 10 plasmodia is shown in Fig. 1 . The culture vessel was a tray, 6.5 X 32 X 53 cm, of either enameled or stainless steel (# 2002-1, Vollrath Co., Sheboygan, Wis.), with a stainless-steel lid. The tray was fitted with a 4-mesh stainless-steel ( # 304) screen, 25 X 45 cm. On the screen was laid a 19 X 38 cm sheet of # 576 chromatography paper (Schleicher and Schuell Co., Keene, N.H.), and on this was laid a 15 X 33 cm piece of Millipore membrane (HA, 0.45 uim pore size) on which two circles 5 cm in diameter had been drawn with a no. 2 lead pencil 6.5 cm from each end. To prevent wrinkling of the Millipore membrane during autoclaving, one or two 23 X 46 cm sheets of the blue glassine paper used as backing in rolls of Millipore membrane were laid on top of the membrane and weighted with a second piece of stainless-steel screen. The lid was put on the pan, and the entire assembly was slipped into an envelope made of two thicknesses of brown kraft paper. The packet was autoclaved at 120 C for 15 min and was dried by exhausting for 15 min.
Neither the wrapping paper nor the culture vessel components was given any special treatment to remove toxic materials, except that the stainless-steel items were soaked overnight in detergent solution before they were used for the first time. Subsequently, screens, lids, and trays were washed in a mechanical dishwasher (Better Built Machinery Co., New York, N.Y.).
Preparation of rocker cultures. Just before inoculation, culture pans were slipped out of their envelopes. Weighting screens and glassine papers were removed with sterile forceps and put aside for reuse. The eight inoculum cultures were then removed from the shaker and immediately poured into four sterile, conical 50-ml polypropylene tubes. The tubes were capped with heavy aluminum foil and centrifuged at 300 X g for 1 min. The medium was discarded, and the pellets were suspended in twice their volume of sterile distilled water by gentle swirling in a 100-ml Erlenmeyer flask. A 3-ml amount of microplasmodial suspension was added with a wide-tipped pipette around the periphery of each penciled circle (Fig. 2) , and pans were set aside at room temperature to allow coalescence of the microplasmodia. After 1.5 hr, 300 ml of medium of the same composition as that used for shaken cultures was poured into each pan, care being taken that medium flowed under the filter paper and not on top of the Millipore membrane or the plasmodium. Trays were mounted on the rocker and incubated at 9 to 11 oscillations per min in the dark at 26.5 to 27 C. (Cultures were kept in theincubator room throughout the growth period. Medium changes and preparation of smears were all done in the incubator room.) After the trays had been rocked for 1 to 2 hr, air bubbles trapped under the filter paper or between filter paper and Millipore membrane were released by raising the papers with a sterile forceps. After about 15 hr of incubation, the medium was aspirated from the trays, and 250 ml of fresh medium was added to each pan. Once or twice during the incubation period, trays were moved to different shelves on the rocker to equalize any effects of the difference in the arcs of rocking.
Chemical analyses. Plasmodia were prepared for chemical analysis as described by Sachsenmaier and Rusch (12) : after plasmodia had been washed with cold trichloroacetic acid in acetone and with cold 0.25 M perchloric acid (PCA), nucleic acids were extracted with 0.5 M PCA at 70 C. The 0.5 M PCA extract was analyzed for DNA with diphenylamine (1) and for ribonucleic acid (RNA) with orcinol (2). Diphenylamine color was developed for 8 hr instead of the recommended 22 hr (1) to reduce interference by a cytoplasmic component that slowly developed a blue color with diphenylamine. Salmon sperm DNA, from Calbiochem, Los Angeles, Calif., was used as a standard. In the RNA analysis, the isoamyl alcohol extraction step was omitted to increase the range of linearity. D-Ribose, A grade from Calbiochem, was used as the RNA standard. Ribose equivalents were converted to RNA by multiplying by 3.5, on the assumption that 60% of the RNA ribose reacted with orcinol (2). The residue from the 0.5 M PCA extraction was dissolved in 0.4 N NaOH and was analyzed for protein by use of phenol reagent (8) there was no measurable growth or migration during the coalescence period. Figure 3 shows plasmodia after approximately 30 hr of incubation (about 4 hr before mitosis IV), by which time growth toward the center and periphery had produced a disc with a diameter of about 14 cm. Inoculum rings appear dark in the photographs because they were somewhat thickened. Actually, the color was quite similar to that of petri dish cultures. The only obvious difference in appearance was that cultures grown on the rocker were thicker; at 6 hr after mitosis III, they had a ratio of protein to area of 1.3 mg per cm2, as compared with 0.7 mg per cm2 in stationary cultures. Figure 4 presents growth curves of rocker and petri dish cultures, prepared from the same inoculum pool, grown at the same temperature (26 C), and given a change of medium after 15 FIG. 3 . Two plasmodia after 30 hr of growth. Plasmodia, prepared as shown in Fig. 2 and incubated on the rocker at 26 C for about 30 hr, had migrated toward the center and periphery to produce a disc with a 14-cm diameter.
hr of growth. The two types of culture were almost identical in growth rate: both went through mitosis I between 4.75 and 5 hr after addition of medium to the coalesced plasmodia, through mitosis II between 12.5 and 13 hr, and through mitosis III between 20 and 21.5 hr, giving an interphase time of about 8 hr. When medium was not changed 3 hr after mitosis II, the interphase time between mitosis II and mitosis III was 10 hr or more. (Other experiments showed that the large plasmodia went through mitosis IV 13 hr or more after mitosis III, even when medium was changed twice between mitoses III and IV.)
Both rocker and petri dish cultures showed essentially logarithmic increases in RNA and protein. Mittermayer et al. (9) showed that incorporation of 3H-uridine and 3H-leucine into 1413 Physarum plasmodia is biphasic with a minimal rate at mid-interphase, and mid-interphase plateaus in the RNA and protein growth curves would therefore be expected. Such plateaus are not obvious in Fig. 4 , perhaps owing to the long intervals between the times samples were taken. DNA almost doubled in both large and small plasmodia during the first 3 hr after mitoses I, II, and III (and IV, as well, in other experiments), and had completely doubled by 6 hr after each mitosis. Experiments in which samples were taken at closer intervals showed that DNA replication was 50% complete in 1 hr and 75 to 80% complete by 2 hr after mitosis.
Both the large and small plasmodia showed an increase in DNA between the time of inoculation and mitosis I. This would be expected if S-phase nuclei in the inoculum finished duplicating their DNA before they participated in mitosis I. However, in other experiments, such as experiment II in Fig. 4 , there was either no increase or an increase of only about 10%. Since the bulk of DNA synthesis occurs in the first 2 hr of the 8-hr generation time, one would expect at least 25% of the nuclei to be in S phase. This suggests that the inoculum transfer schedule sometimes gives partial synchrony of the shaken, microplasmodial cultures so that they are in G2 phase at the time they are used to start plasmodia. This question has not been explored further. Figure 4 shows a somewhat larger DNA to protein ratio in petri dish plasmodia than in rocker cultures. This difference was seen consisteutly, but the cause has not been determined.
Mitotic synchrony. It was evident, both from the smears made for the growth curve experiment (Fig. 4) and from the stepwise increase in DNA during growth, that the large plasmodia were at least partially synchronous. Synchrony was checked more thoroughly in a second series of experiments in which time of mitosis was determined at several points within individual rocker and petri dish plasmodia. Before a comparison of synchrony in small and large plasmodia could be made, it seemed advisable to determine the duration of the various mitotic stages in petri dish cultures, because the original observations of Guttes, Guttes, and Rusch (5, 6) were done with cultures having a 12-hr instead of an 8-hr interphase time.
Accordingly, petri dish cultures were started and incubated until shortly before mitosis III. Sampling for microscopic examination was then begun, with smears being taken from one quadrant of each plasmodium at 1-or 2-min intervals until 30 min after metaphase, at which time the sampling interval was increased to 10 or 15 min. Smears were constantly monitored by phasecontrast microscopy, and when mitosis was observed smears were made simultaneously from three points of the plasmodium-two opposite edges and the center or inoculum spot. Data were thus obtained both on the duration of the mitotic stages (Table 1 ) and on the synchrony within plasmodia (Table 2) . (A more accurate determination of duration of the mitotic stages could be made if single nuclei were followed by time-lapse cinematography, but we do not as yet have techniques for eliminating the effects of the light and heat that would be associated with such a procedure.)
Since it was frequently impossible to observe 1  4  9  3  7  -b  2  7  7  4  6  80  3  3  7  2  4  100  4  7  7  2  4  60  5  3  7  1  2  60  6  5  5  5  5  75   Mean  5  7  3  5  75 a SiX petri dish cultures were started in two sets of three each, with 2 hr between inoculation of the two sets. Microscopic observations were begun shortly before mitosis III. Smears were made from one quadrant of each plasmodium at 1-or 2-min intervals until 30 min after metaphase, and then the sampling interval was increased to 10 or 15 min.
b Not determined.
the nucleolus moves toward the periphery of the nucleus, and during the period from 20 to 5 min before metaphase, it decreases in size and disappears, leaving the finely granular pattern of prophase. During the next 5 min, the granular material condenses to give rise to the mitotic spindle. Metaphase persists for about 7 min before the two sets of chromosomes separate in anaphase. After 3 min, the chromosomes have arrived at opposite mitotic poles. During the next 5 min, the dense chromatin pattern of telophase becomes looser, as nuclear reconstruction begins. After this point, visible changes are more gradual and less dramatic. Clumps of nucleolar material appear at about 20 min after metaphase. These fuse to form a nucleolus that is at first U-shaped, then bean-shaped (30 to 45 min after metaphase), and finally spherical (by 60 to 90 min after metaphase). Table 2 shows synchrony of petri dish cultures examined at three points. Metaphase times of the opposite edges of the six plasmodia differed by not more than 10 min. This finding agreed with the results of Guttes, Guttes, and Rusch (6) and represents very close synchrony when one considers that observations were made at mitosis III, after 21 hr of growth, and that the interphase time is 8 hr. However, the inoculum centers were not synchronous in most cultures, and "nests" of nuclei in all mitotic stages from late to early interphase could be found in smears of five of the six plasmodia examined. It would seem advisable, therefore, when precise experiments are to be done, to discard the inoculum center when the culture is harvested. Table 3 shows the degree of synchrony of the large plasmodia at both mitosis II and mitosis III. For this experiment, six plasmodia were started, and each was checked for mitosis at six points-four on the periphery, one in the center, and one in the inoculum ring. When metaphase FIG. 5. Mitotic stages in the nucleus of the Physarum plasmodium. Alcohol-fixed plasmodial smears were photographed through a phase-contrast microscope. Representative nuclei on the photographs were traced to give the drawings of the figure. All drawings are at the same magnification. Stippled outlines of nuclei represent surrounding cytoplasm and not nuclear membranes. On the first line below each row of nuclei is the duration in minutes of each stage of mitosis, and on the second line is the number of minutes before the beginning or after the ending of metaphase. Data are from Table 1. was missed, it was estimated from other mitotic stages with the aid of Fig. 5 . Estimated minutes before or after metaphase are given in parentheses after the observed mitotic stage. Sampling for mitosis II was begun too late to allow determination of the range in metaphase times in any of the plasmodia, but the ranges seemed to be about 10 min in culture 1 and 20 min in culture 3. Similar results have been obtained in other experiments. In mitosis III, which was more accurately timed, the range in metaphase times was 15 min in culture 4, which had the best synchrony, and 40 min in culture 3, which had the poorest synchrony. (In contrast to the results for the petri dish plasmodia, asynchrony was not seen in the inoculum ring.) The six plasmodia appeared to go through mitoses II and III at times almost as close together as the times for different regions within individual plasmodia. The 50 to 60 petri dish cultures that would be needed to produce an equivalent amount of plasmodial material could be expected to differ by as much as 1.5 hr in the time of occurrence of mitosis III.
DISCUSSION
The main problem in growing a large Physarum plasmodium seemed to be to prevent its becoming so thick that the growth rate would be decreased because of the slow diffusion of oxygen and nutrients into the organism. Applying the inoculum as an open ring gave a thinner plasmodium, and growing the plasmodium on the rocker improved aeration by exposing both the upper and lower surfaces to air.
Rocking probably also helped to preserve synchrony by eliminating localized temperature differences in the medium. Temperature control is almost certainly essential for maintenance of synchrony, since even small temperature differences caused marked differences in the time of mitosis in petri dish cultures.
The rocker culture system was developed to reduce the time required for handling cultures during experimentation. After the appropriate volume of culture medium and types and dimensions of supporting screens and culture trays had been determined, it was found that the rocker method involved less time and labor, not only in the growing of cultures, but also in the preparing (washing, assembling, sterilizing) of apparatus for use. The method was therefore preferable to the petri dish procedure whenever quantity of material and not precision of synchrony was of prime importance, and, in some cases, also preferable to the microplasmodial system (4) when quantity of material was the only interest.
The rocker system was designed to produce a plasmodium yielding about 0.5 mg of histone just prior to mitosis III. Since the range in metaphase times within individual plasmodia at mitosis III is 15 to 45 min, it may be advisable when better synchrony is needed to start with a large inoculum and to study mitosis II, where synchrony is similar to that of petri dish 
